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Abstract 

A  W03/CeC>2/YSZ  nanocomposite  material  [W/Zr  nominal  atomic  ratio  =  0.025,  Ce/Zr  nominal  atomic  ratio  =  0.020]  was  prepared  by  wet 
impregnation  and  characterized  by  means  of  X-ray  photoelectron  and  diffuse  reflectance  infrared  Fourier  transform  spectroscopic  techniques, 
X-ray  diffraction  and  thermal  analysis. 

Both  tungsten  and  cerium  oxides  are  significantly  reduced  at  the  interface  with  YSZ:  Ce(III),  in  particular,  seems  to  be  the  prevailing  species. 
The  interaction  of  the  WC^/CeCVYSZ  nanopowder  with  pyridine  and  CO2  allowed  to  investigate  the  acidic/basic  sites.  Weak  contributions 
at  1602, 1625  and  1647  cm-1  suggest  the  presence  of  Lewis  and  Brpnsted  acidic  sites,  whereas  basic  sites  are  not  evidenced  by  the  interaction 
with  carbon  dioxide.  The  presence  of  tungsten  oxide  causes  the  decrement  of  the  acidic/basic  sites,  as  indicated  by  the  comparison  with  the 
results  obtained  on  the  CeCVYSZ  support.  Consistently,  the  interaction  with  methanol  is  mainly  molecular. 

The  oxidation  of  methanol  was  investigated  both  in  the  absence  and  in  the  presence  of  water.  In  the  last  case  carbon  dioxide  starts  forming 
from  room  temperature. 

©  2005  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Nanocomposite  oxide-based  catalyst;  Methanol;  Tungsten  oxide;  Cerium  oxide;  Yttria-stabilized  zirconia 


1.  Introduction 

In  recent  years,  the  interest  in  clean  and  efficient  energy 
sources  is  growing  significantly.  The  two-folds  objective 
of  promoting  economic  competitiveness  and  environmen¬ 
tal  sustainability  guides  the  research  in  the  development  of 
advanced  and  clean  energy  technologies.  Among  the  vari¬ 
ous  recently  developed  devices,  fuel  cells  (FCs)  are  the  most 
promising  thanks  to  their  high  efficiencies  [1,2]. 

Solid  oxide  fuel  cells  (SOFCs),  in  particular,  show  a  great 
deal  of  advantages  such  as  fuel  flexibility  and  higher  stabil¬ 
ity;  moreover,  SOFCs  do  not  encounter  problems  with  slow 
oxygen  reduction  kinetics  [3]. 

In  this  paper  we  focus  our  attention  on  nanocomposite 
oxide-based  systems  to  be  used  as  active  materials  in  anodes. 
Nanocomposite  materials  offer  great  possibilities.  An  appro¬ 
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priate  preparation  procedure  allows  to  deposit  nanodimen- 
sioned  oxide  particles  taking  thus  advantage  of  the  reactivity 
of  nanoclusters  [4].  Moreover,  an  active  oxide  can  be  used  as 
a  support. 

A  W03/Ce02/YSZ  sample  was  prepared  depositing  (by 
means  of  wet  impregnation)  Ce02  and  WO3  nanoclusters 
on  a  commercial  YSZ  (this  material  is  commonly  used  in 
SOFC).  The  obtained  powder  was  characterized  by  means  of 
X-ray  diffraction  (XRD),  thermal  analysis  (TGA)  as  well  as 
X-ray  photoelectron  (XPS)  and  diffuse  reflectance  infrared 
Fourier  transform  (DRIFT)  spectroscopic  techniques. 

Both  cerium  and  tungsten  oxides  can  play  an  important 
role  in  oxidation  reactions.  Cerium  oxide  is  a  mixed  conduc¬ 
tor  exhibiting  both  ionic  and  electronic  conductivity  (n-type); 
the  accessibility  of  (IV)  and  (III)  oxidation  states  enhances 
its  catalytic  activity  [5].  Tungsten  oxide  is  known  to  be 
an  active  catalyst  for  olefin  oxidation  [6-8],  however,  the 
substoichiometric  tungsten  oxides  (such  as  WO2.95,  WO2.90 
and  WO2.75)  show  more  selectivity  than  WO3.  This  behav- 
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ior  is  discussed  in  terms  of  a  mechanism  involving  the  W(V) 
and/or  W(IV)  ions  as  well  as  the  different  crystalline  struc¬ 
ture  of  the  substoichiometric  oxides  with  respect  to  WO3  and 
the  presence  of  crystallographic  shear  planes  [6,7]. 

The  active  sites  distributed  on  the  sample  surfaces  were 
investigated  by  means  of  probe  molecules  (pyridine  and  car¬ 
bon  dioxide)  and  compared  with  those  observed  on  WO3  [9] 
and  Ce02/YSZ  [10]. 

IR  spectroscopy  can  readily  distinguish  pyridine  coordi¬ 
nated  with  Lewis  acidic  sites  from  pyridinium  ions  originated 
by  the  interaction  between  pyridine  and  the  Brpnsted  acidic 
sites  [11-14].  Pyridine  H-bound  to  the  surface  can  also  be 
distinguished.  Different  species  can  derive  from  the  inter¬ 
action  of  carbon  dioxide  with  the  acidic/basic  surface  sites. 
The  adsorption  on  hydroxyl  groups  gives  rise  to  bicarbon¬ 
ate  species,  whereas  the  interaction  with  Lewis  acidic  sites 
causes  the  formation  of  carbonyl  (because  of  the  presence  of 
an  oxygen  vacancy)  or  carboxyl  groups.  The  adsorption  on 
basic  sites  (coordinatively  unsaturated  oxygen  anions)  origi¬ 
nates  unidentate  carbonates,  whereas  the  interaction  with  an 
acidic  metal  ion  and  its  neighboring  basic  oxygen  originates 
bidentate  carbonates  [15-18]. 

The  information  concerning  active  sites  was  used  to  bet¬ 
ter  understanding  the  interaction  between  methanol  and  the 
W03/Ce02/YSZ  surface.  Methanol  is  an  important  probe 
molecule  as  well  as  an  interesting  combustible  for  fuel 
cells  [2].  In  this  paper  we  investigated  the  reactivity  of  the 
nanocomposite  with  respect  to  methanol  oxidation  both  in 
the  absence  and  in  the  presence  of  water  to  take  into  con¬ 
sideration  the  steam  reforming  reaction.  The  interaction  of 
methanol  with  the  support  (Ce02/YSZ)  and  the  pure  oxides 
(WO3,  Ce02,  YSZ)  was  already  investigated  and  will  be  con¬ 
sidered  for  comparison  [10,19]. 


2.  Experimental 

2.7.  Catalyst  preparation 

The  Ce02/YSZ  support  was  prepared  by  impregnating 
commercial  yttria  (8  mol%)  stabilized  zirconia  (TOSOH,  TZ- 
8Y)  with  an  aqueous  solution  of  Ce(N03)3*6H20  (Strem 
Chemicals,  99.9%)  as  indicated  elsewhere  [10].  The  sup¬ 
porting  powder  was  investigated  by  means  of  XP,  DRIFT 
spectroscopic  techniques  and  thermal  analysis  before  the 
deposition  procedure. 

The  W03/Ce02/YSZ  nanocomposite  was  obtained  by 
wet  impregnation  of  the  described  Ce02/YSZ  support 
with  an  aqueous  solution  of  ammonium  metatungstate, 
(NH4)6(Wi2039)-H20  (Aldrich)  [W/Zr  nominal  atomic 
ratio  =  0.025,  Ce/Zr  nominal  atomic  ratio  =  0.020]  [20].  The 
obtained  suspension  was  maintained  under  stirring  for  2  days 
and  then  kept  in  rest  for  1  day.  Water  was  evaporated  (in  air) 
at  350  K  and  the  obtained  solid  was  treated  at  773  K  for  5  h 
(in  air). 


2.2.  Reaction  conditions  and  DRIFT  measurements 

The  IR  spectra  were  collected  in  a  Bruker  IFS  66  spec¬ 
trometer  (accumulating  128  scans)  and  displayed  in  the 
Kubelka-Munk  units  [21,22].  The  resolution  of  the  spectra 
was  4  cm- 1 .  The  temperature  of  the  powder  has  been  checked 
by  means  of  a  thermocouple  inserted  into  the  sample  holder 
directly  in  contact  with  the  powder. 

Prior  to  each  experiment,  ca.  50  mg  of  the  sample  were 
loaded  in  the  sample  cup  of  a  low  temperature  reaction  cham- 

TM 

ber  (CHC)  installed  in  the  Praying  Mantis  accessory  for  dif¬ 
fuse  reflection  spectroscopy  (Harrick  Scientific  Corporation) 
and  fitted  with  ZnSe  windows;  the  powder  was  kept  in  nitro¬ 
gen  flow  to  eliminate  residual  water  until  a  stable  IR  spectrum 
was  obtained  (ca.  2h).  Then,  the  sample  was  exposed  to  the 
reactive  species  at  a  flow  rate  of  100-150  cm3  min-1  before 
measurement.  The  spectrum  of  the  clean  surface  was  used  as 
background. 

The  CHC  chamber  was  filled  with  the  pyridine  or  the  alco¬ 
hol  vapors  flowing  nitrogen  through  a  bubbler  containing  the 
liquid.  In  the  case  of  exposure  to  a  methanol  +  water  mix¬ 
ture  the  liquid  was  a  solution  (1:1)  of  water  (distilled)  and 
methanol.  The  exposure  to  C02  (Air  Liquide,  99.998%)  was 
carried  out  connecting  the  gas  outlet  directly  to  the  reaction 
chamber.  Pyridine  and  methanol  used  for  the  chemisorption 
were  taken  from  a  commercial  source  (Sigma-Aldrich,  spec¬ 
troscopic  grade)  and  used  without  further  purification. 

2.3.  XPS  measurements 

XP  spectra  were  recorded  using  a  Perkin-Elmer  PHI  5600 
ci  spectrometer  with  a  standard  A1  Ka  source  (1486.6  eV) 
working  at  350  W.  The  working  pressure  was  less  than 
1  x  10-8  Pa.  The  spectrometer  was  calibrated  by  assum¬ 
ing  the  binding  energy  (BE)  of  the  Au  4f7/2  line  to  lie  at 
84.0  eV  with  respect  to  the  Fermi  level.  Extended  spectra 
(surveys)  were  collected  in  the  range  0-1350  eV  (187.85  eV 
pass  energy,  0.4  eV  step,  0.05  s  step-1).  Detailed  spectra  were 
recorded  for  the  following  regions:  C  ls,0  Is,  Zr  3d,  Y  3d, 
Ce  3d  and  W  4f  (11.75eV  pass  energy,  0.1  eV  step,  0.1  s 
step-1).  The  standard  deviation  in  the  BE  values  of  the  XPS 
line  is  O.lOeV.  The  atomic  percentage,  after  a  Shirley  type 
background  subtraction  [23],  was  evaluated  using  the  PHI 
sensitivity  factors  [24].  To  take  into  consideration  charging 
problems  the  C  Is  peak  at  285.0 eV  was  considered  and  the 
peaks  BE  differences  were  evaluated. 

The  sample  for  the  XPS  analysis  was  processed  as  a  pellet 
by  pressing  the  catalyst  powder  at  ca.  7  x  106  Pa  for  10  min; 
the  pellet  was  then  evacuated  for  12  h  at  ca.  1  x  103  Pa. 

2.4.  Thermal  analysis  and  XRD 

Thermogravimetric  analysis  (TGA)  and  differential  scan¬ 
ning  calorimetry  (DSC)  were  carried  out  in  a  controlled  atmo¬ 
sphere  using  the  simultaneous  differential  techniques  (SDTs) 
2960  of  TA  Instruments.  Thermograms  were  recorded  at 
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Table  1 


XP  peak  positions  (binding  energy,  eV)  obtained  for  the  W03/Ce02/YSZ  nanocomposite;  the  corresponding  values  obtained  for  the  pure  oxide  and  the 
Ce02/YSZ  support  are  also  reported. 


Peaks 

W03/Ce02/YSZ 

Ce02/YSZ  [10] 

YSZ  [10] 

Ce02  (523  K)  [10] 

WO3  [9] 

Zr  3d5/2 

182.2 

182.0 

182.2 

Zr  3d3/2 

184.6 

184.4 

184.6 

Y  3d5/2 

157.1 

157.1 

157.3 

Y  3d3/2 

159.1 

159.0 

159.1 

Ce  3d5/2 

V 

882.7 

882.5 

882.9 

V 

886.1 

885.8 

Vf 

889.0 

889.0 

V" 

898.9 

898.7 

Ce  3d3/2 

U 

901.1 

900.8 

If 

904.7 

904.3 

u" 

907.3 

907.4 

If" 

916.8 

916.9 

916.8 

W  4f7/2 

35.6 

35.6 

W  4f5/2 

37.6 

37.7 

O  Is 

530.7 

529.8 

530.1 

529.6 

530.6 

5  Kmin-1  heating  rates  in  air  and  in  nitrogen  flow.  The  tem¬ 
perature  ranged  from  room  temperature  (RT)  to  1273  K. 

XRD  patterns  were  obtained  with  a  Bruker  D8  Advance 
diffractometer  with  Bragg-Brentano  geometry  using  a  Cu 
Ka  radiation  (40  kV,  40  mA,  X  =  0. 154  nm). 

3.  Results  and  discussion 

3.1.  W03/Ce02/YSZ  characterization 

The  XP  data  of  the  following  systems  W03/Ce02/YSZ, 
Ce02/YSZ,  YSZ,  Ce02,  WO3  are  compared  in  Table  1. 

The  Ce  3d  XP  spectrum  obtained  for  the  W03/Ce02/YSZ 
is  compared  with  the  corresponding  signal  recorded  for 
Ce02/YSZ  and  Ce02  in  Fig.  1.  The  Ce  3d  peak  positions 
(Table  1)  and  shape  suggest  the  presence  of  Ce(III):  the  sig- 


Binding  Energy  (eV) 

Fig.  1 .  Ce  3d  spectrum  obtained  on  the  ( — )  W03/Ce02/Y SZ  nanocomposite 
compared  with  the  corresponding  spectra  of  (•  •  •)  Ce02/Y SZ  and  ( — )  Ce02 . 
(The  spectra  are  normalized  with  respect  to  their  maximum  value). 


nals  characteristic  of  Ce(III),  V  and  U\  are  well  evident 
[25,26].  The  presence  of  Ce(III)  becomes  more  and  more 
evident  when  going  from  Ce02  (heated  at  523  K)  to  the  sup¬ 
porting  Ce02/YSZ  (heated  at  523  K)  to  the  W03/Ce02/YSZ 
sample  (heated  at  773  K).  The  reduction  phenomenon  can 
thus  be  attributed  both  to  the  higher  calcination  temperature 
and  to  the  deposition  procedure.  By  comparing  the  less  evi¬ 
dent  presence  of  Ce(III)  in  the  W03/Ce02  treated  at  773  K 
[10]  and  in  the  Ce02/YSZ  samples  with  the  Ce(III)  in  the 
W03/Ce02/YSZ  sample  it  can  be  concluded  that  the  reduc¬ 
tion  has  to  be  attributed  also  to  the  small  dimensions  of  CeC>2 
particles  and  consequently  to  their  higher  reactivity  [27]. 

The  position  of  the  two  contributions  of  Zr  3d  XP  peak 
(Zr  3d5/2  and  3d3/2  peaks,  respectively,  at  182.2  and  184.6  eV, 
Fig.  2)  and  of  the  ones  of  Y  3d  (Y  3d5/2  and  3d3/2  peaks, 
respectively,  at  157.1  and  159.1  eV,  Fig.  2)  agrees  with  the 
expected  values  for  YSZ  (Table  1).  The  Zr  3d  and  Y  3d  signals 
were  observed  at  slightly  lower  BE  in  the  Ce02/YSZ  samples 
[10].  The  W  4f7/2  and  4f5/2  peak  positions  (35.6  and  37.6  eV, 
respectively,  Fig.  3)  are  consistent  with  the  presence  of  W(VI) 
in  WO3  (Table  1).  The  broadening  of  the  signal  toward  the 
low  BE  side  suggests  the  possible  reduction  of  the  tungsten 
cations. 

The  position  of  the  O  Is  XP  peak  (530.7  eV,  Fig.  4)  is 
almost  identical  to  the  value  observed  for  WO3  (530.6  eV) 
[9].  As  evidenced  in  Fig.  4,  the  widening  at  the  low  BE  side 
is  in  agreement  with  the  peak  positions  in  Ce02  and  YSZ 
(Table  1). 

The  XP  atomic  compositions  of  the  sample 
(W03/Ce02/YSZ)  and  the  support  (Ce02/YSZ)  are 
compared  in  Table  2.  Consistently  with  the  surface  specific 
character  of  XPS  [28,29],  the  obtained  W/Zr  and  Ce/Zr 
atomic  ratios  are  always  higher  than  the  corresponding 
nominal  values.  This  allows  to  exclude  the  diffusion  of  the 
deposited  oxide  inside  the  support. 
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Binding  Energy  (eV) 


Fig.  2.  Zr  3d  and  Y  3d  XP  spectra  obtained  on  the  ( — )  W03/Ce02/YSZ 
nanocomposite  compared  with  the  corresponding  spectra  of  (•  •  •)  Ce02/YSZ 
and  (-  •  -)  YSZ.  (The  spectra  are  normalized  with  respect  to  their  maximum 
value). 

The  XRD  pattern  of  the  W03/Ce02/YSZ  sample  coin¬ 
cides  with  that  of  the  YSZ  (Fig.  5):  no  diffraction  peaks  due 
to  crystalline  WO3  or  Ce02  are  observed.  This  demonstrates 
that  the  deposited  cerium  and  tungsten  oxides  exist  as  highly 
dispersed  or  amorphous  species  [30] . 

The  DRIFT  spectra  obtained  as  a  function  of  tem¬ 
perature  are  reported  in  Fig.  6.  The  presence  of  molecu- 
larly  chemisorbed  water  is  suggested  by  the  corresponding 
bending  (1626  cm-1)  and  stretching  (broad  signal  around 
3300  cm-1)  signals.  H-bound  and  three-coordinated 
hydroxyl  groups  (around  3400-3500  cm-1)  also  contribute 
to  the  broad  band.  At  T>473K  a  broad  and  weak  band 
between  3000  and  3600  cm-1  is  still  evident  suggesting 
the  presence  of  water  molecules  tightly  interacting  with 


Binding  Energy  (eV) 


Fig.  3.  W  4f  spectrum  obtained  on  the  ( — )  W03/Ce02/YSZ  nanocomposite 
compared  with  the  corresponding  spectrum  of  (--)  WO3.  (The  spectra  are 
normalized  with  respect  to  their  maximum  value). 

Lewis  acidic  sites.  The  shape  and  the  behavior  as  a  function 
of  temperature  of  the  O— H  stretching  band  observed  for 
W03/Ce02/YSZ  and  Ce02/YSZ  [10]  systems  are  very  simi¬ 
lar:  molecularly  adsorbed  water  is  the  main  adspecies.  Some 
differences,  however,  are  pointed  out  by  the  thermal  analysis. 

The  thermogravimetric  (TG)  spectra  of  the  W03/Ce02/ 
YSZ,  of  the  support  (Ce02/YSZ)  and  of  the  pure  oxides  are 
compared  in  Fig.  7.  The  investigation  of  TG  spectrum  of 
W03/Ce02/YSZ  reveals  a  weak  and  continuous  weight  loss 
between  RT  and  about  900  K.  Moreover,  the  weight  loss  is 
lower  than  that  observed  on  the  supporting  Ce02/YSZ.  This 


Fig.  4.  O  Is  XP  spectrum  obtained  on  the  ( — )  W03/Ce02/YSZ  nanocom¬ 
posite  compared  with  the  corresponding  spectra  of  ( — )  Ce02,  (-  •  -)  YSZ, 
(•  •  •)  Ce02/YSZ  and  (--)  WO3.  (The  spectra  are  normalized  with  respect 
to  their  maximum  value). 


Table  2 


Comparison  between  the  nominal  and  XP  atomic  ratios  of  the  sample  (W03/Ce02/YSZ)  and  of  the  support  (Ce02/YSZ) 


Samples 

XPS 

Nominal 

Ce  3d/Zr  3d 

W  4f/Ce  3d 

W  4f/Zr  3d 

0/(W  4f  +  Ce  3d  +  Zr  3d  +  Y  3d) 

Ce/Zr 

W/Zr 

W03/Ce02/YSZ 

0.66 

0.28 

0.18 

2.43 

0.020 

0.025 

Ce02/YSZ 

0.31 

— 

— 

— 

0.020 

— 
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Fig.  5.  XRD  patterns  of  the  ( — )  W03/Ce02/YSZ  nanocomposite  and  of  the 
(•  •  •)  YSZ. 


Fig.  6.  DRIFT  spectra  of  the  W03/Ce02/YSZ  nanocomposite  obtained  at 
different  temperatures:  ( — )  RT,  ( )  373  K,  ( ■)  423  K  and  ( )  473  K. 

suggests  a  lower  hydroxylation,  in  agreement  with  the  XP 
and  IR  data.  The  comparison  with  the  TG  spectrum  of  WO3 
confirms  the  role  of  this  oxide  in  the  hydroxylation  decrease. 
The  lower  hydroxylation  of  W03/Ce02/YSZ  with  respect  to 
Ce02/YSZ  could  indicate  the  grafting  of  WO3  to  the  support 
by  a  condensation  of  hydroxyl  groups. 


Fig.  7.  TG  spectrum  of  the  ( — )  W03/Ce02/YSZ  nanocomposite  compared 
with  the  corresponding  spectra  of  ( — )  Ce02/YSZ,  (■)  YSZ  and  (•)  WO3. 


No  signals  characteristic  of  carbonate  species  are  observed 
in  the  IR  spectral  region  characteristic  of  O— C— O  stretch¬ 
ing  vibrations.  This  is  an  important  result  considering  that 
the  formation  of  carbonate  species  was  observed  on  the 
W03/Ce02  and  on  the  Ce02/YSZ  systems  and  on  the  ceria 
[10].  Such  phenomenon,  in  fact,  is  correlated  with  the  strong 
tendency  of  lanthanide  oxides  toward  atmospheric  carbon 
dioxide  adsorption  and  formation  of  stable  surface  carbon¬ 
ates  [31].  Inactivity  of  W03/Ce02/YSZ  with  respect  to 
atmospheric  carbon  dioxide  is  interesting  because  carbon¬ 
ate  species  can  poison  the  active  sites  and  thus  influence  the 
reactivity. 

3.2.  Interaction  with  pyridine  and  carbon  dioxide 

The  DRIFT  spectrum  obtained  after  exposure  to  pyridine 
is  shown  in  Fig.  8.  The  spectrum  shows  several  contributions 
suggesting  the  presence  of  liquid-like  and  H-bound  pyridine 
(1441,  1578  and  1597  cm-1,  Fig.  8a  and  b)  [32-35].  Similar 
signals  were  observed  upon  exposing  a  reduced  ceria  powder 
to  pyridine  [10]. 

Two  signals  at  1489  and  1625  cm-1  (Fig.  8a  and  b)  indi¬ 
cate  the  presence  of  pyridine  interacting  with  strong  Lewis 
acidic  sites,  whereas  a  contribution  around  1539  cm-1  agrees 
with  pyridine  bound  to  Brpnsted  acidic  sites. 

The  evacuation  with  N2  rapidly  removes  liquid-like  and 
H-bound  pyridine  revealing  a  new  signal  at  1602  cm-1  char¬ 
acteristic  of  pyridine  coordinated  to  rather  weak  Lewis  acidic 
sites.  A  small  peak  at  about  1647  cm-1,  ascribable  to  pyri¬ 
dine  interacting  with  Brpnsted  acidic  sites  [14],  grows  with 
evacuation  time. 

The  exposure  to  pyridine  deeply  modifies  the  O— H  stretch¬ 
ing  region:  new  signals  appear  between  3100  and  3550  cm-1 
and  between  3600  and  3750  cm-1  (Fig.  8c)  suggesting  a  sig¬ 
nificant  interaction. 

The  comparison  with  the  results  obtained  for  the  support¬ 
ing  Ce02/YSZ  clearly  indicates  a  change  in  the  acidic  sites 
as  a  consequence  of  the  deposition  of  tungsten  oxide.  In  fact, 
pyridine  interacted  quantitatively  with  the  supporting  surface 
giving  rise  to  two  peaks  at  1616  and  1647  cm-1  [10].  More¬ 
over,  WO3  is  known  to  be  an  acidic  catalyst:  several  signals 
(1608,  1614,  1625,  1643  and  1660  cm-1)  were  observed  on 
its  surface  after  exposure  to  pyridine  [9] . 

DRIFT  spectrum  collected  after  the  exposure  of 
W03/Ce02/YSZ  to  CO2  does  not  indicate  the  presence 
of  basic  sites:  the  formation  of  carbonate  species  is  not 
observed.  Moreover,  all  the  signals  characteristic  of  CO2 
disappear  after  evacuation;  this  result  indicates  that  CO2 
does  not  interact  with  the  W03/Ce02/YSZ  surface.  A  simi¬ 
lar  result  was  observed  on  WO3  [9],  whereas  the  acidic  and 
basic  reactive  sites  distributed  on  the  surface  of  Ce02/YSZ 
are  responsible  for  the  formation  of  carbonate  species 
as  a  consequence  of  the  interaction  with  carbon  dioxide 
[10]. 

Summarizing,  the  deposition  of  WO3  on  the  Ce02/YSZ 
surface  seems  to  cause  a  certain  decrease  of  the  acidic  and 
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Fig.  8.  DRIFT  spectra  obtained  after  exposing  (at  RT)  the  W03/Ce02/YSZ 

nanocomposite  to  the  pyridine  +  N2  mixture  ( - )  and  then  to  the  nitrogen 

flow  for  5  min  ( - ),  30  min  ( . )  and  60  min  ( - );  (a)  spectral  region 

from  1415  to  1505cm-1;  (b)  spectral  region  from  1510  to  1670  cm-1;  (c) 
spectral  region  from  3120  to  3810  cm-1 . 

basic  sites.  This  is  rather  surprising  because  several  acidic 
sites  were  observed  on  the  WO3  surface  [9]. 

3.3.  Interaction  with  methanol 

The  reactivity  of  the  nanocomposite  was  investigated  both 
with  respect  to  methanol  and  to  a  methanol  +  water  mixture. 

The  interaction  of  the  W03/Ce02/YSZ  with  methanol  and 
methanol  +  water  is  mainly  molecular,  as  evidenced  by  the 


Fig.  9.  DRIFT  spectra  obtained  after  exposing  the  W03/Ce02/YSZ 
nanocomposite  to  a  methanol  +  water  mixture  at  different  temperatures:  ( — ) 

RT,  ( - )  373  K,  ( - )  473  K,  ( - )  523  K,  ( - )  573  K  and  (  )  603  K; 

(a)  spectral  region  from  2720  to  3740  cm-1;  (b)  spectral  region  from  1000 
to  1150  cm-1. 

broad  band  at  about  3350  cm- 1  (Fig.  9a).  Gas  phase  methanol 
[36,37]  dominates  both  the  C— 0(1013, 1032  and  1052  cm-1) 
and  the  C— H  (2843  and  2949  cm-1)  stretching  regions  of 
the  IR  spectrum  obtained  after  exposure  to  methanol  at  RT 
(Fig.  9a  and  b).  In  the  C— O  stretching  region  weak  contribu¬ 
tions  (at  1018,  1023,  1047  and  1059  cm-1)  [38,39]  suggest  a 
certain  dissociative  interaction. 

Dissociative  interaction  is  slightly  more  evident  (both  in 
the  presence  and  in  the  absence  of  water)  at  higher  temper¬ 
atures,  as  indicated  by  the  increasing  intensity  of  the  signals 
due  to  the  C— O  stretching  and  of  the  peaks  at  2838  and 
2924  cm-1  attributed  to  the  symmetric  and  asymmetric  C— H 
stretching  of  methoxy  groups  (Fig.  9a  and  b)  [38,39].  The  N2 
flow  easily  removes  the  adsorbed  species. 

It  is  noteworthy  observing  that  the  only  revealed  oxida¬ 
tion  product  is  carbon  dioxide,  evidenced  by  the  broad  band 
between  2250  and  2400  cm-1  (Fig.  10a  and  b).  CO2  forms 
at  RT  in  presence  of  water  and  at  T>  573  K  when  water  is 
absent.  Because  of  the  absence  of  reactive  sites  (as  already 
discussed)  carbon  dioxide  is  completely  removed  by  N2. 

It  is  interesting  to  compare  the  behavior  of  the  WO3 / 
Ce02/YSZ  nanocomposite  and  related  systems.  Methanol 
interacts  dissociatively  with  the  support  (Ce02/YSZ)  and 
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Fig.  10.  DRIFT  spectra  obtained  after  exposing  the  W03/Ce02/YSZ 
nanocomposite  to  (a)  methanol  and  to  (b)  methanol  +  water  at  different  tem¬ 
peratures:  ( — )  RT,  ( )  523  K,  (  )  573  K  and  (  )  603  K;  spectral 

region  from  2100  to  2450  cm-1. 

gives  rise  to  formates  and  carbon  dioxide  at  T>  523  K  [10], 
whereas  the  pure  oxides  show  a  lower  reactivity  with  respect 
to  methanol  oxidation  (methanol  is  oxidized  to  formic  acid 
and  carbon  dioxide  when  chemisorbed  on  tungsten  oxide  at 


Fig.  11.  DRIFT  spectra  obtained  after  exposing  the  W03/Ce02/YSZ 
nanocomposite  to  a  methanol  +  water  mixture  (continuous  line)  and  after 
15  min  (dotted  line)  at  (  )  573  K  and  (  )  603  K;  spectral  region  from 

2000  to  3100  cm-1. 


T  >  423  K  in  mixture  with  oxygen  [19] ;  Ce02  does  not  exhibit 
a  significant  capability  in  oxidation  of  methanol  [10]). 

The  investigation  of  the  spectra  collected  as  a  func¬ 
tion  of  time  (Fig.  11)  suggests  that  the  alcohol  oxidation 
is  a  slow  process:  the  signals  attributed  to  carbon  diox¬ 
ide  increase  with  exposure  time,  whereas  the  ones  due  to 
methanol  (see,  as  an  example,  the  C— H  stretching  contribu¬ 
tions  at  2780-3060  cm-1)  decrease. 

4.  Conclusions 

In  this  paper  a  W03/Ce02/YSZ  nanocomposite  is  pre¬ 
pared  by  wet  impregnation.  The  supporting  Ce02/YSZ  is 
obtained  by  the  impregnation  of  a  commercial  YSZ  pow¬ 
der  with  a  solution  of  Ce(N03)3*6H20,  whereas  for  the 
W03/Ce02/YSZ  system  an  aqueous  solution  of  ammonium 
metatungstate  is  used.  The  adopted  nominal  atomic  ratios  are: 
W/Zr  =  0.025,  Ce/Zr  =  0.020. 

XP  data  reveal  a  marked  reduction  of  the  deposited  cerium 
and  tungsten  oxides:  Ce(III),  in  particular,  seems  to  be  the 
prevailing  species.  The  experimental  atomic  ratios  allow  to 
exclude  the  diffusion  of  the  deposited  oxide  inside  the  sup¬ 
port.  Both  XP  and  IR  data  are  consistent  with  a  lower  hydrox- 
ylation  of  the  W03/Ce02/YSZ  nanocomposite  surface  with 
respect  to  Ce02/YSZ.  This  suggests  a  grafting  mechanism 
by  means  of  hydroxyl  groups. 

The  XRD  pattern  of  W03/Ce02/Y SZ  reveals  only  the  con¬ 
tributions  of  YSZ. 

The  acidic  sites  are  investigated  by  means  of  the  exposure 
to  pyridine  whereas  carbon  dioxide  was  preferred  for  basic 
and  complex  sites.  As  evidenced  by  studying  the  interaction 
with  pyridine  and  carbon  dioxide,  the  deposition  of  WO3 
strongly  decreases  the  Lewis  and  Brpnsted  acidic  and  basic 
sites  distributed  on  the  Ce02/YSZ  surface.  Consistently,  the 
interaction  of  methanol  is  mainly  molecular. 

The  reactivity  of  W03/Ce02/YSZ  with  respect  to 
methanol  is  investigated  in  the  presence  and  in  the  absence  of 
water;  in  both  cases  the  only  product  of  methanol  oxidation 
is  carbon  dioxide.  Carbon  dioxide  forms  at  RT  when  water  is 
present  and  at  T  >  573  K  if  water  is  absent. 

It  is  noteworthy  saying  that  a  nitrogen  flow  easily  removes 
the  oxidation  products  suggesting  that  carbon  dioxide  does 
not  poison  the  sample  surface. 
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